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We use quasiparticle tunneling across La2xCexCuO4 grain boundary junctions to probe the super-
conducting state and its disappearance with increasing temperature and magnetic field. A zero bias
conductance peak due to zero energy surface Andreev bound states is a clear signature of the phase
coherence of the superconducting state. Hence, such a peak must disappear at or below the upper critical
field Bc2T. For La2xCexCuO4 this approach sets a lower bound for Bc20  25 T which is substan-
tially higher than reported previously. The method of probing the superconducting state via Andreev
bound states should also be applicable to other cuprate superconductors.
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Determining the magnetic field-temperature (B-T)
phase diagram of high-Tc cuprates has been the focus of
interest since the discovery of these materials. In contrast
to conventional type II superconductors, where the B-T
phase diagram basically consists of the Meissner phase, the
Shubnikov phase and the normal state, the phase diagram
of high-Tc cuprates is extremely rich, exhibiting a variety
of vortex phases [1] and also a pseudogap region [2,3]. The
transition between the superconducting state and the nor-
mal state, and thus the relation between the superconduct-
ing and the pseudogap states, is hard to determine, not only
due to the large values of the upper critical field Bc2 in the
case of hole-doped cuprates, but also because of the pres-
ence of vortex liquid phases as well as strong fluctuation
effects, leading to nonzero resistance well below Bc2. For
the electron-doped cuprates Pr2xCexCuO4 (PCCO) and
Nd2xCexCuO4 resistive measurements [4] or the vortex
Nernst signal [5–7] revealed Bc20 values in the range of
7–10 T. For La2xCexCuO4 (LCCO) an analysis of the
vortex pinning strength yielded Bc20  9 T [8].
However, the various methods applied to determine Bc2
often yield inconsistent results; see, e.g., the discussion in
[4]. In this Letter we show that an analysis of Andreev
bound states (ABS) causing a zero bias conductance peak
(ZBCP) in the conductance spectra of cuprate grain bound-
ary junctions (GBJs) yields a new lower bound for Bc2
which is—for the LCCO thin films investigated here—at
least a factor of 2.5 above previous estimates.
ABS result from the constructive interference of
Andreev reflected electron- and holelike quasiparticles
[9]. If the quasiparticles experience a sign change of the
superconducting order parameter upon reflection, ABS
appear at the Fermi energy, giving rise to the ZBCP [10].
ABS-caused ZBCPs have been observed in hole-doped
[11–15] and electron-doped [16–19] cuprates, where the
sign change is due to the dx2y2 order parameter symmetry
[20]. This type of ZBCP can be observed with GBJs
[14,19] and with normal metal-superconductor junctions
[11,12,14–18] or junctions between a conventional and a
d-wave superconductor [21].
A ZBCP caused by ABS [22] relies on the phase coher-
ence of the elementary excitations above the Cooper pair-
ing ground state. It thus should vanish when the phase
coherence is lost, i.e., at the transition between the super-
conducting state and the normal state. Such ZBCPs thus
allow us to determine Bc2, or at least to give a reasonable
lower bound, provided that the ZBCPs do not vanish far
below Bc2, e.g., due to the formation of a vortex liquid or
other effects like a (field induced) shift of ABS to larger
energy. As we will see below, in the geometry used in our
experiments an unsplitted ZBCP is visible above the irre-
versibility line, allowing its use as a probe of the super-
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conducting state. Note that the formation of ABS requires
phase coherent regions only a few times the BCS coher-
ence length in size. Thus such ZBCPs probe superconduc-
tivity on microscopic scales.
The 900 nm thin films for our study were deposited by
molecular beam epitaxy [25] on SrTiO3 symmetric (1 
2, see inset of Fig. 2) [001]-tilt bicrystal substrates with
a misorientation angle of 24 and 30. All films had a Ce
doping of x 0:08 (slightly underdoped, Tc  29 K). The
samples were patterned by photolithography and Ar ion
milling with junction widths ranging from 40 to 400 m
[26]. Transport data were collected with a current bias four
point probe and magnetic fields applied parallel to the thin
film c axis. dIV=dV characteristics were measured with a
lock-in amplifier (modulation frequency 1–5 kHz, modu-
lation current Iac  1–10 A) and subsequently calibrated
with the numerical derivative of simultaneously recorded
IV curves. Unless indicated otherwise, the data shown
below are all for the same 24 GBJ.
Figure 1 shows the resistivity T of a bridge structure
not crossing the grain boundary, for 0 T  B  10 T. As
for thin films of PCCO [27] and LCCO [28], the onset of Tc
decreases with increasing B and the transition width is
broadened. For B> 6 T the resistance remains nonzero
for T down to 5 K, and for larger fields we observe an
upturn in T, as already reported previously [27,29]. We
determine ‘‘transition temperatures’’ where the resistance
of the (extrapolated) linear part of T [cf. dashed line in
Fig. 1] has dropped to, respectively, 10%, 50%, and 90% of
its normal state value, given by the intersection of the
dashed line with the parabolic fit for T above 35 K.
The corresponding transition fields B10, B50, and B90, are
shown further below in the B-T diagram of Fig. 4.
Although the resistive transition broadens significantly,
these fields do not differ strongly at a given temperature
and tend to extrapolate to a zero temperature value around
7 T, suggesting that Bc20 is of this order. However, as we
will discuss below, ZBCPs can be seen in much higher
fields, suggesting, e.g., superconductivity below 12 K at
16 T.
Figure 2(a) shows quasiparticle tunneling spectra for a
24 GBJ, at 5 K for B up to 16 T. At B  0 (i.e., in the
residual field of the cryostat which is a few G), a clear gap
structure, i.e., a suppression in the quasiparticle density of
states, is observed, with symmetric coherence peaks at
voltages Vgap  	9 mV. There is a small dip at voltages
near 	7 mV which disappears at higher fields (at B  0
the Josephson current is not yet completely suppressed; the
dip may, e.g., be associated with cavity resonances pumped
by ac Josephson currents). With increasing B the coherence
peaks decrease and are strongly suppressed for B> 6 T.
For voltages well above Vgap the conductance increases
linearly with voltage, cf. upper inset in (b), and is almost
independent of B up to 6 T [30]. For B> 6 T the differ-
ential conductance strongly decreases due to the onset of
resistance in the film adding voltage in series to the grain
boundary. We note that (a) the film behaves Ohmic well
above its resistive transition and (b) the conductance of the
GBJ is essentially field independent for a bias above the
coherence peaks. Thus, to a good approximation, one can
determine (and subtract) the film resistance from the raw
data via the additional voltage drop RfilmI occurring in the
IV curves at high fields and large bias currents. The
rescaled dI=dV vs rescaled V in Fig. 2(b) shows that the
conductance in the subgap region increases monotonically
with increasing field. The integral over the tunnel conduc-
tance from 15 to 15 mV [cf. lower left inset in Fig. 2(b)]
is, within experimental accuracy, field independent; i.e.,
the density of states is conserved.
The quasiparticle tunneling spectra of our samples also
show a ZBCP, consistent with optimally doped LCCO
GBJs [19]. At T  5 K the ZBCP persists up to the highest
fields achievable with our setup. The ZBCP can already be
seen clearly in the uncorrected data, cf. inset of Fig. 2(a).
We saw similar ZBCPs in 15 out of 19 samples both on 24
and 30 substrates.
Figure 3 shows the evolution of the ZBCP as a function
of T at B  16 T (a), and as a function of B at T  13 K
(b). Data are shown by thick black lines. The thin lines
represent parabolic fits to the background quasiparticle
conductance at low voltages. At B  16 T the ZBCP dis-
appears between 11 and 12 K, while at T  13 K it dis-
appears between 13 and 14 T [32]. As the ZBCP disappears
reproducibly for a given T or B while increasing B or T,
respectively, we can follow the disappearance of the ZBCP
in a B-T phase diagram, cf. Fig. 4. Full black symbols show
the ‘‘critical’’ field BZBCP where the ZBCP area AZBCP has
reached zero for two different samples (squares: 30 GBJ,
circles: 24 GBJ). We determined AZBCP by integrating the
difference of the measured quasiparticle spectra and the
FIG. 1 (color online). T of a LCCO thin film for 0 T 
B  10 T (in steps of 1 T). Dashed lines and full circles on the
6 T curve indicate determination of temperatures where the
resistance has dropped to, respectively, 10%, 50%, and 90% of
its normal state value (gray line). These values define the critical
fields B10, B50, and B90. The inset shows T at B  0 up to
200 K with a parabolic fit (gray line).
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parabolic background conductance [cf. Fig. 3] in the range
	3 mV. As AZBCPBjTconst and AZBCPTjBconst de-
creases nearly linearly with increasing B and T [33], the
intersection of the linear fits with the AZBCP  0 axis
defines BZBCP (with vertical and horizontal error bars,
respectively, in Fig. 4). This procedure also allows us to
determine BZBCP for B> 16 T from AZBCPBjTconst (see
inset of Fig. 4 and gray circles in main graph). BZBCP
increases monotonically with decreasing T, extrapolating
to BZBCPT  0  25 T. The black and gray lines show
Bc2T, obtained from microscopic calculations [with Tc 
29 K and Bc20  25 T], assuming either a 2D Fermi
cylinder (black line) [34] or a 3D Fermi sphere (gray
line) [35]. These lines may be considered as a lower bound
for the true Bc2 of our samples. Note that Bc20  25 T is
at least a factor of 3.5 larger than the zero temperature
extrapolation of B90. One could argue that the upper criti-
cal field at the grain boundary is larger than its bulk value,
e.g., due to local disorder or surface effects. Indeed, at a
superconducting surface to free space the upper critical
field can be 70% higher than in the bulk. However, the
boundary conditions of the superconducting wave function
at a grain boundary are much less restrictive, so that we do
not expect a strong increase of the upper critical field over
its bulk value [36].
FIG. 4. Magnetic field vs temperature phase diagram showing
the fields B10 (open squares), B50 (open diamonds), and B90
(open triangles), as determined from T curves of Fig. 1,
together with the field BZBCP where the ZBCP in the quasipar-
ticle tunnel spectrum disappears. Black (gray) circles: 24 GBJ,
measured (extrapolated) values; full squares: 30 GBJ. The
black and the gray lines correspond to Bc2T, calculated for a
2D Fermi cylinder and a 3D Fermi sphere, respectively. The inset
shows the ZBCP area vs B for different temperatures. Lines are
linear fits, which, by extrapolation to zero ZBCP area, define
values of BZBCP for B> 16 T.
FIG. 3 (color online). Quasiparticle conductance, corrected for
the voltage across the leads, of a 24 GBJ near zero bias showing
the disappearance of the ZBCP (a) at constant field B  16 T for
different T and (b) at constant temperature T  13 K for differ-
ent B. Thin lines are parabolic fits to the quasiparticle conduc-
tance outside the ZBCP.
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FIG. 2 (color online). Quasiparticle conductance spectra of a
24 GBJ at T  5 K for 0 T  B  16 T in steps of 2 T. Graph
(a) shows conductance as measured. In (b) the voltage across the
leads appearing above 6 T has been subtracted. The inset in (a)
shows an enlargement of the low bias region at 16 T. The upper
inset in (b) shows the zero field conductance on a larger voltage
scale at T  5 K (black line) and at T  32 K (gray line), where
the ZBCP has disappeared. The lower left inset shows the
integral over the conductance curves taken for voltages between
	15 mV. The lower right inset in (b) illustrates the geometry of
the bicrystal GBJ. Vortices are indicated by circles, screening
currents by arrows.
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Further, seeing that, say, at a field of 10 T, superconduc-
tivity sets in below 18 K or so, one could ask whether there
is some feature on the corresponding  vs T curve in Fig. 1.
Indeed, the low temperature increase of  seems to slow
down below this temperature. A similar effect can also be
seen in the other high field resistance curves, again indicat-
ing that the claimed high field superconductivity is not
restricted to the vicinity of the grain boundary.
We should also discuss why we see a uniform ZBCP at
all at large fields, without evidence for a splitting. In both
the Meissner state and the vortex state a splitting would
occur in the presence of strong screening currents near the
grain boundary [37]. In the case of a symmetric static
vortex configuration, the screening currents that flow along
the grain boundary are of equal strengths but opposite
direction, canceling the effect [cf. arrows in lower right
inset in Fig. 2(b)]. In the case of a fluctuating vortex liquid,
which is likely to be present in the high field region, the
screening currents on the two sides of the GBJ will fluc-
tuate, but are likely to have zero average. Thus again the
energy shifts of the ABS (forming fast compared to the
time scale of vortex fluctuations) will be washed out during
the time of measurement, naturally explaining the experi-
mental observation.
Returning to the quasiparticle tunneling spectra as
shown in Fig. 2, we note that the coherence peaks are
suppressed already at 50% of Bc2 or so. This observation
is consistent with calculations based on the quasiclassical
Eilenberger equations of the density of states in the vortex
state, cf. Fig. 5 of Ref. [38] where, at 0:5Bc2 the coherence
peaks are hardly visible.
In conclusion, we have shown that in the electron-doped
cuprate La2xCexCuO4 the superconducting state persists
to substantially higher magnetic fields than reported pre-
viously. Particularly, a zero temperature extrapolation sug-
gests that Bc20 is at least 25 T. Extending super-
conductivity to such high fields shrinks the region where
a pseudogap phase may exist. We have explored the B-T
phase diagram via zero energy Andreev bound states. This
method should be applicable to any superconductor where
the superconducting order parameter changes sign, provid-
ing an effective additional tool to explore the supercon-
ducting state.
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